This paper describes work performed in an attempt to bring more clarity regarding the differences in potential corrosive effect between sulfides and disulfides at specified reaction conditions as defined in ASTM 1275 B. SEM/EDS was used to further evaluate testing results. The results show that Dibenzyl disulfide (DBDS) has a strong tendency to form copper sulfides while Dibenzyl sulfide (DBS) display no tendency at all to form copper sulfides in the virgin insulating oils, but the reactivity of DBS increase if in the thermally degraded oils. In addition, the insulating paper decrease the oxidation of the copper surface due to that oxygen is adsorbed and consumed when migrating through the cellulose phase. With the improvement of surface smoothness, the specific surface area accessible for reactions will decrease and consequently it is more difficult for the copper to be corroded by DBDS.
INTRODUCTION
IN recent years, many transformer failures caused by corrosive sulfur in insulating oils have attracted intensive concern of the power industry [1] [2] [3] . Research on copper sulfidation has become one of the hot issues. At present, on the reactivity of sulfur compounds, the accepted scale is elemental sulfur, hydrogen sulfide, mercaptans in descending order of their sulfidation potential. Whilst organic sulfur compounds, wherein the sulfur atom is part of the aromatic structure (e.g. thiophenes and related compounds) are normally considered to have low reactivity. Differences exist mainly in the degree of reactivity between sulfides and disulfides. The majority of scholars think that disulfides are more reactive than sulfides but admit that sulfides may change into reactive sulfur compounds and cause the corrosion of apparatus under specific conditions [4] . Others have reported that the reactivity of sulfides is more than that of disulfides [5] .
Xu [6] studied reactivity of elemental sulfur, dimethyl disulfide, methyl sulfide and dodecyl mercaptan with static corrosion test. The results showed that the reactivity of disulfide is much higher than that of sulfide for sulfur compounds with similar carbon numbers, while the reactivity of dodecyl mercaptan is slightly lower than methyl sulfide due to the most carbon numbers.
The results from Maina et al [7] research on the reactivity of some sulfur compounds using a Kraft paper wrapped-copper test (Standard IEC 62535) showed that both DBS and DBDS can produce a reaction indication, but their reactivity was not compared. In addition, dodecyl mercaptan produces either no or negligible indication for corrosive sulfur, which does not respect the conventionally accepted scale of corrosive sulfur reactivity.
Xu and Maina drew different conclusions by use of different qualitative test methods, which indicates significant influences of qualitative experimental conditions on reactivity of sulfur compounds. Consequently, more effective quantitative test methods for potentially corrosive sulfur content must be developed [8] . It is very important for the research on quantitative analytic method of corrosive sulfur to establish the reactivity difference between sulfides and disulfides.
In order to research the reactivity of sulfides and disulfides, it is necessary to select a method which define the reaction conditions and with which repeatable results can be obtained. At present, there are a number of qualitative methods to assess the sulfur reactivity of aspecific oil upon copper. ASTM D1275, IEC 62535 and DIN 51353 are the most commonly used standard methods for testing reactivity of sulfur compounds in oils, wherein DIN 51353, which makes use of a silver strip specimen, has been found to be incapable of detecting reactive sulfur in a mineral oil at a sensitivity level necessary [1] , while ASTM D 1275 B or IEC 62535 are considered effective methods. IEC 62535 apply some insulating paper wrapping over the copper strip. ASTM D1275 B was selected to determine the reactivity of sulfides and disulfides in this paper. In order to more accurately evaluate the results of the test and eliminate probable false negatives of subjective visual evaluation [9] , SEM /EDS was used to evaluate sulfur content on the copper test strip.
EXPERIMENTAL METHOD
The experimental setup and conditions were based on the procedures stipulated by ASTM D1275 B [10] . Karamay insulating oil, which contains neither Dibenzyl disulfide (DBDS) nor Dibenzyl sulfide (DBS), but contains antioxidant butylated hydroxytoluene (BHT), was used as the base oil.
At first, as listed in Table 1 , twelve electrolytic tough pitch copper strips No.1-No.12 with dimensions 6 by 25 mm were rubbed with 240-grit silicon carbide paper and 230 mesh silicon carbide grains and subsequently cleaned using pharmaceutical absorbent cotton. The other two No.13 and No.14 were rubbed with 240, 1500 and 3000 grit silicon carbide paper in order and cleaned using pharmaceutical absorbent cotton.
Then, the strips were washed successively in acetone, distilled water, acetone and ether. After dry, ten copper strips No.1-No.8, No.13 and No.14 were bent in a V-shape at approximately a 60° angle and the rest were wrapped with six layer insulating paper with dimensions 78 mm by 40 mm.
Following that the strips were placed in the conical flasks with ground-in glass three-way valve and fourteen test oils prepared as listed in Table 1 were added in, respectively. In this way, fourteen oil specimens with immersed copper strip were prepared, the eleven oil specimens No.1-No.9, No.13 and No.14 using the base oil and the other three oil specimens using the cooled base oil with immersed copper strip heat treated 48 h at 150 ℃.
Appearance of the test container was shown in Figure 1 , all ground-in glass valve sealed with insulating silicone grease. Air was pumped out and nitrogen was bubbled through the oil in the flask by means of a sulfur-free rubber tube connected to the reduction valve of the cylinder for 10 min. Three-way valve were quickly closed.
For the heating tests, the test container was placed in an oven kept at 150 ℃ for certain time as shown in Table 1 . After the heating tests, the copper strip was taken out from the test oils and rinsed in hexane with the extent of its corrosion observed. Then Micro morphologies and elemental analysis of deposits on the copper strip were examined by a scanning electron microscope. In addition, the Total Acid Number of the oils were determined by the method GB/T 264 (corresponding to ASTM D974) [11] , using KOH as titrant and Alkali Blue 6B as indicator after acidic compounds were extracted with boiling 95 % alcohol without CO 2 . 
RESULTS AND DISCUSSION

THE EFFECT OF CONCENTRATION
At first, the reactivity of 100 mg/L DBDS and 100 mg/L DBS was studied. Their numbers were No.1 and No.2, respectively. No.3 is the blank control i.e. not containing neither DBDS nor DBS. Figure 2 show the appearance copper strips No.1 to No.3 after heating tests. Figure 3 depicts their surface structure. It can be seen that the surface structure of No.2 had no significant difference from that of No.3, while that of No.1 was granular in nature.
Obviously, the granular substance on the copper strip No.1 was some new formed corrosion deposits [3] . The results of elemental analysis of deposits on the three copper strips are given in Table 2 and Figure 4 . Then, the reactivity of 0.5 % DBDS and 0.5 % DBS was studied, whose numbers were No.4 and No.5. The appearance of copper strips No. 4 and No.5 after the heating test is shown in Figure 2 . Figure 5 
more and the pores were lager on the surface of copper strip No.4 than No.1, so the reactivity of 0.5 % DBDS was greater than that of 100 mg/L DBDS. Accordingly, the copper strip immersed in it took on black look. The appearance and surface structure of copper strip No.5 was similar to that of No.2.
As shown in Figure 4 , the elements on the surface of copper strip determined by SEM/EDS with detection limit less than 0.10 % were composed of Cu, O and S without considering C and Si which came from abrasive paper and grain. In which, mass percentages of element oxygen on the surface of copper strips No.4 and No.5 as listed in Table 4 3, the conclusion can be drawn that the less the oxygen content was, the slighter the test oils oxidized. Therefore, it is very important to keep insulating oils away from oxygen, because even limited oxygen can cause copper oxidation and lead to false evaluation only according to the appearance of copper strip [9] . The above data also showed that the seal performance of container No. 4 
THE COMBINED EFFECT OF OIL AND PAPER
In order to consider the influence of insulating paper, the reactivity of 100 mg/L DBDS and DBS for the copper wrapped with insulating paper was studied. Appearance of copper strips No.6 to No.9 was shown in Figure 6 . In which, the heating time was 48 h for the specimens No.6 and No.7 and 72 h for the other two.
Obviously, the copper strips No.6 and No.8 were clearly corroded by 100 mg/L DBDS, though their oils didn't show visual or analytical signs of degradation as acid values for both were below 0.005 mg KOH/g, while the copper strips No.7 and No.9 were not corroded by 100 mg/L DBS, eventhough in the slightly degraded test oil No.9 with acid value up to 0.010 mg KOH/g, so 100 mg/L DBDS was reactive and 100 mg/L DBS was not reactive.
In addition, corrosion area was clearly larger on the copper No.8 than No.6, which indicated that corrosion caused by DBDS will become serious with aging time lengthening. Figure 7b . Therefore, whether a surface was corroded by sulfur compounds or not can be judged by its clarity or granular structure.
In order to evaluate the effects of oxygen and sulfur, elemental composition of deposits on the copper strips No.6 and No.7 was analyzed by EDS as shown in Table 5 and Figure 8 . Evidently, mass percentages of oxygen which both are about 1.00, were less on the two copper strips with insulating paper than the above copper strips without that, which indicate that insulating paper can help to keep the copper away from oxygen. The outcome may have been caused by O 2 adsorbed in the insulating paper, because the surface of copper No.9 was the same as No.7 and was not corroded by oxygen, but its oil and insulating paper oxidized with the acid value 0.010 mg KOH/g and the paper darkened as shown in Figure 6f . In the oxygen free specimen No.6, the oxidation of insulating oil was effectively retarded with acid value 0.004 mg KOH/g, the copper surface oxidation was also prevented, but the copper strip No.6 was still sulfidized by 100 mg/L DBDS, where mass percentage of sulfur was 3.33, so it is certain that 100 mg/L DBDS was sufficient to obtain measurable sulfidation.
THE EFFECT OF OIL QUALITY
Degraded insulating oil can accelerate the sulfidation on the surface of copper wire. In order to evaluate the effect of oil quality, the reactivity of 25 mg/L DBDS and DBS in the degraded oil was studied. The specimens No.10 and No.11 of DBDS and DBS were both obtained by subjecting them to the oils with the copper strip immersed for 48h at 150 ℃. The specimen No.11 was the blank control. Before immersing, the oxidation of insulating oil and copper had been clearly observed.
After the heating tests, the surfaces of the copper strips were obviously corroded, as shown in Figure 9 . In which, the black corrosion area was larger on the copper strip No.10 than the copper strip No.11.
However, oxygen corrosion caused by the degradation of test oil was slighter on the copper strip No.10 than the copper strip No.11, because the acid value of test oils No.10, which was 0.006 mg KOH/g, was less than that of test oil No.11, which was 0.011 mg KOH/g. In addition, as shown in Figure  10 , the corrosion on the two copper strips was caused only by oxygen and sulfur.
Consequently, it can be concluded that corrosion caused by sulfur was more serious on the copper strip No.10 than on the copper strip No.11, that is to say the reactivity of 25 mg/L DBDS was higher than that of 25 mg/L DBS. The corrosion deposits contained sulfur and oxygen, which appeared to be composed mainly of black Cu 2 S and brown Cu 2 O.
On the whole, 25 mg/L DBDS and 25 mg/L DBS both were reactive under the given reaction conditions i.e. using preoxidized oil. It is noteworthy that the reactivity of DBS is lower than that of DBDS. 
THE EFFECT OF SMOOTHNESS OF COPPER
SURFACE In order to assess the influence of smoothness of copper surface, the reactivity of 100 mg/L DBDS and DBS for the copper rubbed with 3000-grit silicon carbide paper was studied.
After the heating tests, the color of copper strip No.14 was like pure copper, while the color of copper strip No.13 was similar to that of Cu 2 O. The elemental composition as analyzed by EDS is shown in Figure 11 and Table 6 . It can be seen that on the two copper strips No.13 and No.14, sulfur was not detected and only a very small amount of oxygen was detected. This indicates that the two copper strips were not corroded by DBDS or DBS, but it was possible for them to be oxidized. Their surface structure was observed as shown in Figure 12 .
Obviously, the copper strip No.13 was covered by small amount of new substance. It was slightly oxidized, but the copper No.14 was neither sulphidised nor oxidized. Compared with the copper strips No.1 and No.2, the surfaces of No.13 and No.14 were smooth.
With the improvement of surface smoothness, the reactive surface area decrease and with it the reactive species possible reaction sites decrease with the consequence of less sulfidation and oxidation.
Therefore, improvement of surface smoothness of copper wire can help to reduce sulfidation and oxidation in the oilfilled transformers. Figure 12 . Surface of copper strip specimen (magnification 500×).
ANALYSIS OF REACTIVITY OF DBDS AND DBS
In DBDS molecule, the sulfur atom is respectively combined σ-covalent bond with sulfur and carbon, while the sulfur atom is respectively combined σ-covalent bond with two carbon. Bond length and bond energy of C-S bond are respectively 182 pm and 272 kJ/mol, those of S-S bond are respectively 207 pm and 268 kJ/mol.
Obviously, bond length of S-S bond is longer than that of C-S bond, while bond energy of S-S bond is lower than that of C-S bond.
Consequently, S-S bond is easier to break than C-S bond. In addition, the structure of DBDS molecule is asymmetrical, while the structure of DBS molecule is symmetrical. The asymmetrical structure is much easier to be destructed than symmetrical one. Therefore, S-S bond in DBDS molecule will be the first to break and two active radicals R-C-Sformed, in which R-is the phenyl. Then, C-S bond in the two R-C-S-breaks under the action of copper atom and Cu 2 S formed. However, C-S bond in DBS molecule is relative difficult to break. That is why DBDS is reactive and DBS is non-reactive.
CONCLUSIONS
In un-used oils, DBDS will cause sulfidation under ASTM 1275 B conditions and DBS will not. However even DBS may cause sulfidation to take place in the oils that have been subjected to 150 degrees Celsius for 48 hours.
The insulating paper decrease the oxidation of the copper surface due to that oxygen is adsorbed and consumed when migrating through the cellulose phase.
With the improvement of surface smoothness the specific surface area accessible for reactions will decrease and consequently it is more difficult for the copper to be corroded by reactive DBDS. 
